AD-A280  754 

llllllllll 


TECHNICAL  REPORT  NO.  9 


^4 


To 


ixncQio^^ 


-Tie  Office  of  Naval  Research 
Contract  No.  N00014-91-J-1414 


DUCTILE  FRACTURE  AND  FAILURE  CRITERIA  OF 

STRUCTURAL  STEELS 

D.  A.  Koss 


Department  of  Materials  Science  and  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


Progress  Report  for  the  period 
1  March  1993  -  31  May  1994 


Reproduction  in  Whole  or  in  Part  is  Permitted 
For  Any  Purpose  of  the  United  States  Government 
Distribution  of  this  Document  is  Unlimited 


94  6  28  031 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No  0704  01$$ 

eutobc  vfporttn^  burd^  tor  tM coH^ctton  of  informalton  n  too*  le  t  Howr  per  tttooote.  indudlAg  tho  time  for  reviewing  Imlructions.  searching  #«isting  data  sources, 

gathering  and  mainiatning  the  data  needed,  and  completing  and  reviewmg  odenion  of  information  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 

colfWtionof  mtormation.  mciudirtg  suggestions  for  reducirsg  this  burden,  to  Sirsgton  ifeadouarters  Services.  Directorate  for  informatioriOperaiions  and  Reports.  I21S  lefferson 
OaviSliighway.  Suite  1^04.  AiHngtnn.  VA  4107.  and  to  the  Office  of  M«  ement  and  Oudget.  Paperwork  Ite0u<tion  Proiect  (nr04  0tfli).Washing1on.  70S0) 

1.  AGfNCY  USE  ONLY  (LMve  b/»nk)  2.  REPORT  DATE  3.  REPORT  TYPE  ANO  DATES  COVERED 

June  20,  1994  Progress  Report i  3/1/93  -  5/31/94 

4.  TITLE  AND  SUBTITLE 

Ductile  Fracture  and  Failure  Criteria  of  Structural  Steels 

S.  FUNDING  NUMBERS 

C.  AUTHORlS) 

D.  A.  Koss 

7.  PERFORMING  ORGANUATION  NAME(S)  ANO  AOORESS(ES) 

Dept,  of  Materials  Science  and  Engineering 

The  Pennsylvania  State  University 

University  Park,  PA  16802 

8.  PERFORMING  ORGANUATION 

REPORT  NUMBER 

Report  No.  9 

9.  SPONSORING /MONITORING  AGENCY  NAME(S)  ANO  AODRESS(ES) 

Office  of  Naval  Research 

800  N.  Quincy  Street 

Arlington,  VA 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 

Distribution  of  this  document  is  unlimited. 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 

Progress  is  reviewed  for  a  program  which  examines  aspects  of  ductile  fracture 

of  structural  steels.  The  research  seeks  to  establish  multlaxlal  failure  criteria 

which  have  sufficient  mlcrostructural  sensitivity  to  account  for  variations  in 

microstructure  such  that  fracture  initiation  can  be  predicted.  The  research  involves 

both  experimental  and  computational  analysis.  Progress  for  the  period  March  1,  1993 
to  May  31,  1994  is  reviewed  for  (1)  the  initiation  of  a  study  of  failure  criteria  of 
structural  steels  and  (2)  the  conclusions  of  a  two-dimensional  modeling  study  of 

void  linking  during  ductile,  microvoid  fracture. 

14.  SUBJECT  TERMS 

Tensile  Fracture,  Fracture  Criteria,  HY-100  steel,  Void  Linking, 
Deformation 

15.  NUMBER  ^F  PAGES 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 
OF  REPORT 

18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

30.  LIMITATION  OF  ABSTRACT 

NSN  7540  01-280-5500  Standard  Form  298  (Rev  2-89) 


by  ANSI  Sid  /}9  i8 


;98  fo? 


INTRODUCTION 


The  Mure  of  structund  sted  ccMiqwiients  under  multiaxial  stales  of  stress  may  be  understood  at 
several  dimensional  scales.  On  a  microscopic  scale,  failure  is  usually  associated  widi  damage 
accumuladtm  in  die  foim  of  voids  at  locatimis  of  large  stress  and/or  strain  cmicentrations,  often  near 
an  existing  crack.  On  a  macroscopic  scale,  failure  occurs  when  certain  conditions  based  on  stress, 
strain,  or  combinations  thereof  are  met;  i.e.,  a  Mure  criterion  is  satisfied.  While  die  development  of 
computational  codes  capable  of  predicting  stress/strain  distributions  within  structural  components 
under  tensile  loadings  have  evolved  rapidly  in  die  last  decade,  die  develcpment  of  improved  failure 
criteria  fcxr  high  toughness  components  containing  small  flaws  has  not  The  lack  of  accurate  failure 
criteria  dius  fiequendy  limits  the  ability  to  accurately  predia  failure  of  such  structural  members.  This 
situation  also  results  in  inefficient  and  costly  use  of  material  and  reduced  system  performance. 

Using  a  combination  of  microscopic  and  macroscopic  approaches,  the  present  research 
addresses  die  proUem  of  establishing  failure  criteria  for  damage-induced  ductile  fracture  of  structural 
steel  components  of  relatively  high  toughness  and  containing  small  flaws.  Our  approach  is  to 
establish  an  accurate  Mure  criterion  on  the  basis  of  not  only  the  macroscopic  stress-strain-strain  rate 
conditicms  associated  with  "self-propagating"  damage  but  also  die  microstructural  basis  of  diat  failure 
criterion.  This,  in  turn,  should  serve  to  establish  a  failure  criterion  with  the  flexibility  to  take  into 
account  local  variations  of  compcment  microstructure,  such  as  near  a  weldment 

A  detailed  analysis  of  microscale  damage  evolution  and  its  relationship  to  the  load-carrying 
capacity  of  a  structural  component  is  a  central  theme  of  our  approach.  On  a  microscopic  scale,  we 
expect  to  observe  that  in  addition  to  void  interactions  among  closely  spaced  voids,  void  growth  and 
linking  collectively  undergo  an  "acceleration"  such  that  damage  is  sustained,  or  a  crack  is  initiated, 
under  decreasing  applied  stresses.  Thus  we  may  associate  macroscopic  fracture  initiation  with  a 
microscopic  level  of  damage  accumulation  which,  due  to  void  coalescence,  is  self  sustaining.  As  has 
been  suggested  previously^*^,  this  is  believed  to  occur  at  a  critical  volume  fraction  of  voids,  fc.  l 
Erom  a  technological  standpoint  a  realistic  failure  condition  is  to  recognize  that  a  component  will 
likely  lose  load-carrying  capacity  at  a  critical  level  of  damage  defined  by  fc-  This  implies  a 
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macRMOopic  Mure  criterion  wliidi  is  based  on,  and  is  sensitive  to,  anucroscopically-based  fracture 
initiation  process  dictated  by  a  critical  level  of  damage  identified  by  the  void  wlume  fracticm  f^. 
Unfrntunately.  little  data  is  available  to  estaUish  the  relationship  of  ^  to  microstructure  or  stress 
state.  Thus,  tiiis  research  seeks  to  establish  the  micioscopic  basis  for  a  macroscopic  frulure  criterion 
in  order  to  enaUe  accurate  failure  predictions  d  components  made  of  tou^  allt^  such  as  HY- 100. 
HY-130,  and  HSLA-100,  containing  physically  small  cradcs  and  with  a  latitude  oi  microstructutes. 

I 

On  a  macroscopic  scale,  the  present  research  seeks  to  determine  tiie  macroscopic  ccmditions 
(stress,  strain,  strain  rate)  for  multiaxial  fracture  mitiation.  The  fracture  criterion,  vidiich  rrii^t  be 
expressed  as  a  map  of  critical  combinations  of  equivalent  strain  and  mean  stress^*^,  will 
sttbsequoitly  be  established  fcv  the  microstructural  conditions  associated  with  weld  metal,  and  the 
heat-affected  zone  of  steels  of  the  HY-1(X),  HY-130,  and  HSLA-100.  Identifying  the  dependence  of 
the  criterion  on  tiie  microstructural  aspects  of  damage,  such  as  fy,  would  allow  the  oiterion  to  take 
into  account  new  microstructural  conditions  (or  other  steels  of  the  same  family). 

The  ivesent  study  couples  closely  with  applied  research  within  the  Naval  Surface  Warfare 
Center  involving  Robert  Garrett,  John  Toeneboehn,  Lee  Turner,  and  Mike  Vassilaros.  Dana  Goto. 
Ph.D.  Candidate,  is  currently  the  graduate  student  perfcmning  thesis  research  on  this  program.  In 
addition,  a  previous  graduate  student,  Andrew  Geltmacher,  Ph.D.,  January  1994,  is  currently  a 
National  Research  C^ncil  Post-doctoral  Fellow  at  the  Naval  Research  Laboratory  performing 
research  in  the  Mechanics  of  Materials  Section  with  Dr.  Peter  Made.  This  report  describes  progress 
for  the  period  3/1/93-S/31/94  in  which  we  have  (a)  initiated  a  study  of  failure  criteria  of  structural 
steels  and  (b)  concluded  a  two  dimensional  modeling  study  of  vdd  linking  during  ductile,  mictovoid 
fracture. 


PROGRAM  PROGRESS 
1.  FAILURE  CRITERIA  OF  STRUCTURAL  STEELS 

The  principal  goal  of  the  proposed  study  is  to  determine  a  failure  criterion,  and  its 
microstructural  basis,  fat  the  fracture  initiation  of  welded  components  of  HY-100,  HY-130,  and 
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HSLA-100.  The  failure  criterion  must  be  able  to  relate  fracture  initiation  to  the  impoied  stress  and 
strain  states.  Our  initiaiassuin|Mion  is  that  die  criterion  may  be  eiqnessed  as  failure  loci  in  sriiidi  the 
equivalent  plastic  strain  m  initiate  fruhire  decreases  as  a  function  of  stress  tiiaxiality,(Wo>  triiere 
Om  is  die  mean  stress  and  d  is  the  equivalent  stress.4>S 

Testing  to  determine  die  failure  lod  will  be  performed  initially  on  HYIOO  sted  base  fdate  using 
axi^rmnettic  smoodi  (<W&s  0.5)  and  two  notched  geometries  with  o^n^s  1.1  and  cW^  s  1.5. 
Rnite  element  analysis,  performed  with  die  assistance  of  Mr.  Lee  Tbmer  of  NS  WC  at  White  Oak,  is 
being  used  to  determine  the  actual  values  local  stress  states  and  strains  widiin  the  notched  and 
unnotdied  bars.  The  notched  bars  currendy  being  investigated  have  notch  diameter-tti-notch  radius 
ratios  1:1  and  2:1,  which  are  referred  to  as  the  A-Notch  and  D-Notch  ctmfiguraticMis,  respectively. 
Examples  of  the  results  of  our  recent  confutations  which  predict  fatial  dependence  of  die  - 

values  for  smooth  and  notch  specimens  is  shown  in  Figure  1.  It  should  be  noted  that  the  mean  stress 
used  in  Figure  1  was  calculated  using  the  hydrostatic  pressure,  which  is  negative  for  a  positive 
stress.  Thus,  the  Om/d  values  are  negative. 

The  stress  and  strain  distributions  within  the  samples  such  as  those  shown  in  Figure  1,  will  be 
used  in  conjunction  with  metallographic  examination  of  axially  cross-sectioned,  deformed  or 
fractured  tensile  bars  to  quantitatively  describe  die  miset  of  damage  (void  nucleation),  and  the 
subsequent  propagation  the  damage  to  failure  (void  growth  and  coalescence).  Given  the  fatial 
distribution  d  die  stress  states  shown  in  Figure  1,  care  must  be  taken  to  identify  not  only  die  damage 
characteristics  but  also  die  physical  location  of  the  damage  bring  characterized.  A  procedure  which 
utilize  limit  curves  or  zones  d  damage  will  be  used  tt>  quantitativdy  characterize  accumulated 
damage.  In  additicm,  die  locus  of  strain-stress  state  combinatitHis  (e-(W5)  defining  macroscopic 
fracture  will  be  determined.  These  strain-stress  state  combinations  will  be  used  to  generate  a  failure 
map  and  to  calibrate  computational  damage  models,  as  well  as  to  serve  as  failure  conditkms  for 
coofutational  codes  predicting  structural  defonnaticm  and  fracture. 

By  correlating  microstractural  observations  of  damage  accumulation  to  computationally  derived 
stress  and  strain  conditkms,  arbitrarily  assigned  best-frt  parameters  eiif  loyed  in  most  previous 
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diictikfiiciuie  studies  can  be  iq>Iaced  by  mkrostructund-bas^  For  exa119le.it  is 

amicipateddutt  for  HY-100  steel  die  inclusion  volume  fiactioD  and  void  vohmiefiactioa  at  firartme 
will  provide  die  basis  of  diesemicrostructuial-based  quantities.  Specifically,  die  inclusion  volume 
fiactkm  and  mean  pacing  is  anticqiated  to  provide  die  basis  for  the  definition  of  a  duncieristic 
vohunedrmaieiial  over  which  failure  must  occur  in  Older  to  satisfy  a  ductile  fiacturecriteiian.  As 
described  earlier,  die  void  volume  fiacdon  at  fidlure  initiation,  is  also  a  critical  fiictor  in  predicting 

fracture.  In  the  past,  the  mi^tude  has  been  assigned  values  about,  0.1S,  hregardless  (rf  the 
microstructure  or  stress  state.  No  eiqierimental  verification  of  die  critical  void  volume  fraction  has 
yet  beoi  perfocmed  for  any  structural  alloy,  including  HY-100. 

At  die  present  time,  we  are  in  the  process  of  madiining  HY-lOO  qiecimens  with  die  A-Notch 
and  D-Noich  configuradcMis  as  well  as  the  unnotclttd  configuration,  hi  addition,  ri^t  cylindrical 
conqxession  samples  are  also  being  prepared  in  order  to  obtain  large  strain  data  for  subsequent  finite 
element  analysis. 

2.  A  MODELING  STUDY  OF  THE  EFFECT  OF  STRESS  STATE  ON  VOID  UNKING 
DURING  DUCTILE  FRACTURE 

Increasing  the  triaxiality  cf  the  applied  stress  state  normaUy  decreases  die  fracture  strain  of 
structural  alloys.  For  alloys  failing  due  to  damage  accumulatimi  in  the  frmn  of  microvoids,  this 
dqiendence  in^lies  a  sensitivity  to  void  nucleation,  void  growdi,  and/or  void  linking  to  the 
in^osed  stress  state.  The  strain  to  nucleate  vdds  has  been  shown  to  decrease  as  the  triaxiality  of 
the  stress  state  increases.  Both  experiments  and  analyses  indicate  that  die  growdi  rate  of  voids 
increases  rapidly  as  the  degree  of  stress  triaxiality  increases.  In  contrast,  the  influence  of  stress 
state  cm  void  linking  is  not  well  established. 

In  a  recoidy  completed  program,  we  examined  certain  features  of  diree^limensional  void 
linking  by  two^iimensional  modeling  using  sheet  specimens  crmtaining  arrays  of  through- 
diickness  holes.  We,  and  others^  believe  that  hole  interaction  effects  in  two  dimensions  are  more 
prroounced  than  void  interaction  effects  in  three  dimensions.  In  tte  current  research,  hole 
interactkm  dfects  are  further  enhanced  by  the  use  of  sheet  specimens,  which  are  known  to  be  very 
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8usoq>tiMetoftewk)caliiatk»iiidk)calizedneddngphsi^  Thas,  the  coneat  results  relate 

most  dimcdv  to  Ac  form  of  void  linking  which  occim  due  tftpl««tic  flnw  loeaHntinn  wiriiin  the 

intervoid  Hgaments.  The  "void  sheet*  fxocess^^i  is  a  ^md  examine  of  such  a  void  linking 
jrfienooaraon,  as  are  cases  where  idanes  (rf  locally  hi^  void  (or  pore)  content  can  trigger  void 
linldng  due  to  deformatkm  localization, 

^th  die  above  void  linking  characteristics  in  ntind.  we  propose  dutt  duee-dimensianal  vend 
linking  (due  to  flow  localizatkxi)  is  sensitive  to  roess  state  as  follows: 

(1)  The  initiation  of  void  linking  between  neighboring  voids  is  retarded  by  stress 
triaxiality.  The  results  of  die  present  study  suggest  diat  a  larger  macroscopic  levd  of  strain  is 
needed  to  develc^  fkiw  localization  in  the  intervmd  Ugammt  for  a  given  void  placing  and  matrix 
strain  hardening  as  die  degree  of  triaxiality  is  increased;  see  Figure  2. 

(2)  The  propagation  of  void  linking  is  promoted  1^  hi^  degrees  of  stress  triaxiality, 
resulting  fimn  the  increasingly  multidirectional  na&ire  of  the  void  linking  paths;  see  Hgure  3.  This 
assumesasqiiatially  uniform  stress  and  strain  field  which  does  not  to  bias  die  fracture  plane.  Thus, 
vdd  linking  will  be  governed  primarily  by  intervoid  spacing  (and  size)  at  high  triaxiality;  such  void 
linking  is  expected  to  be  "efficient",  involving  a  high  fraction  of  available  voids.  In  contrast,  the 
pn^gation  of  void  linking  under  uniaxial  strain  conditions  depends  on  bodi  the  directkniali^  of 
the  linking  path  and  the  spacing  to  the  nearest  favorably  oriented  void.  This  results  in  a  directional 
vdd  linking  path  in  uniaxial  tension.  As  a  result,  vdd  linking  should  be  gradual  widi  omsiderable 
damage  accumulation  in  the  forai  void  growth,  local  flow  instabilities,  and  ligament  fractures 
befme  specimra  failure.  Previous  experimental  results  support  such  a  hypothesis. 

(3)  Void  linking  is  pronooted  by  void  clustering  in  both  uniaxial  and  equal-biaxial  tension, 
as  is  shown  in  Figure  4.  The  present  results  do  not  indicate  whedier  or  not  void  clustering 
accelerates  vdd  linking  even  more  as  stress  triaxiality  increases. 

(4)  Vdd  linking  is  inhidted  by  tiie  material  strain-hardening  capability,  as  is  dq)icted  in 
Hgure  S.  This  is  due  to  the  ability  oi  a  material  with  a  high  strain-hardening  exponent  to  diffuse 
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the  strain  around  Ae  holes.  As  a  lesult,  a  laisers|)pliedix)acrosco|»c  strain  will  be  needed  to  cause 
flow  localization  and  fiulure  oi  die  ligaments  between  voids. 

In  simunaiy,  our  e>q)eriments  suggest  that  much  of  the  deptadaict  oi  "flow-localization’ 
induced"  vdd  linking  on  stress  state  can  be  undeistood  in  tenas  of  die  directionality  void¬ 
linking  paAs.  The  nunAer  of  viable  linking  paths  increases  wiA  increasing  stress  Inaxiality.  The 
linking  paA  issue  influences  the  "efficiency"  ci  the  v(»l  linking  process  and  Aus  the  ease  wiA 
which  accumulated  damage  is  self  pnqiagating.  It  also  suggests  that,  once  vends  nudeate,  the 
prapagatkm  of  void  linking  and  fracture  can  occur  widiin  a  anaU  strain  increment  at  high  levels  of 
stress  triaxiality.  As  such,  the  material  becomes  less  tderant  to  internal  damage.  Increasing  matrix 
strain  hardening  and  inhibiting  void  clustering  will  retard  the  onset  of  such  a  void  linking  process 
and  ^ecdvely  enhance  fracture  resistance. 
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Figure  1 .  Contours  of  stress  triaxiality,  Om/c  for  axisymmetric  tensile  specimens  which  arc 

(a)  unnotched  and  deformed  0.070,  (b)  notched  with  notch  diameter^idius  ^  1 
and  defonned  0.015,  and  (c)  notched  with  notch  diameter /notch  radius  «  2  and 
deformed  C.030. 


Local  Effective  Strain 


Figure  2. 


C^iational  TOdictions  of  the  evolution  of  "local"  effective  strains  within  an 
el^t  centrally  located  between  a  pair  of  holes  as  a  function  of  the  imposed 
fau’-neld  effective  strain. 
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The  flow  localization  paths  developed  in  specimens 
hole  spacing  of  one  hole  diameter  and  tested  in  eithe 
equal-biaxial  tension.  The  tensile  axis  is  vertical  fm 


Far-Field  Effective  Strain 
at  the  Onset  of  Fiow  Locaiization 


Ingure4 
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(sm) 


The  eflect  of  minimum  interhole  spacing,  S,  normalized  by  hole  diameter,  D,  on 
the  far-field  effective  strain  at  the  onset  ^  flow  localization  between  holes.  The 
hexagonal  and  trigonal  arrays  are  regular  arrays.  Decreasing  S/D  acts  to  increase 
hole  clustering.  EBT  denotes  equal-biaxial  tension,  and  U/T  denote  uniaxial 
tension. 


Far-Fleld  Effective  Strain 
at  Flow  Localization 


Strain-Hardening  Exponent 


Figures. 


The  of  the  far-field  effective  strain  at  the  onset  of  flow  locaUzation 

on  strai^h^ning  exponent  for  uniaxial  and  equal-Waxial  tension.  Data  are 
computed  for  localization  at  an  element  located  at  the  center  of  interholc  ligament 


